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Summary
Background: Transmembrane leucine-rich repeat (LRR) re-
ceptors are commonly used innate immune receptors in plants
and animals but can also sense endogenous signals to regu-
late development. BAK1 is a plant LRR-receptor-like kinase
(RLK) that interacts with several ligand-binding LRR-RLKs
to positively regulate their functions. BAK1 is involved in
brassinosteroid-dependent growth and development, innate
immunity, and cell-death control by interacting with the brassi-
nosteroid receptor BRI1, immune receptors, such as FLS2 and
EFR, and the small receptor kinase BIR1, respectively.
Results: Identification of in vivo BAK1 complex partners by
LC/ESI-MS/MS uncovered two novel BAK1-interacting RLKs,
BIR2 and BIR3. Phosphorylation studies revealed that BIR2
is unidirectionally phosphorylated by BAK1 and that the
interaction between BAK1 and BIR2 is kinase-activity depen-
dent. Functional analyses of bir2 mutants show differential
impact on BAK1-regulated processes, such as hyperrespon-
siveness to pathogen-associated molecular patterns (PAMP),
enhanced cell death, and resistance to bacterial pathogens,
but have no effect on brassinosteroid-regulated growth.
BIR2 interacts constitutively with BAK1, thereby preventing
interaction with the ligand-binding LRR-RLK FLS2. PAMP8These authors contributed equally to this work and are co-first authors
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and enables the recruitment of BAK1 into the FLS2 complex.
Conclusions: Our results provide evidence for a new regu-
latory mechanism for innate immune receptors with BIR2
acting as a negative regulator of PAMP-triggered immunity
by limiting BAK1-receptor complex formation in the absence
of ligands.
Introduction
The first step in plant innate immunity is the recognition of
potential invaders by cell-surface receptors. A number of
such pattern recognition receptors (PRRs) have been identi-
fied with most belonging to the receptor-like kinase (RLK)
family [1]. The largest subgroup of this family is the leucine-
rich repeat RLK (LRR-RLKs) family, including flagellin sensing
2 (FLS2) and EF-Tu receptor (EFR), the PRRs for bacterial
flagellin and elongation factor Tu [2–4]. The smaller LRR-RLK
BAK1/SERK3, which was originally identified as an interactor
of the brassinosteroid receptor BRI1 [5, 6], and its closest
homolog BAK1-like 1 (BKK1/SERK4) [7], positively regulate
the function of multiple ligand-binding receptors and thereby
influence multiple signaling cascades [8, 9]. Following ligand
binding to the receptor, the regulatory RLK BAK1 associates
with the signaling complex allowing BAK1 phosphorylation;
in turn, BAK1 phosphorylates the ligand-binding receptor
[10–12]. This leads to the activation of the ligand-binding
receptor and initiation of downstream signaling [12, 13].
In addition, BAK1 was shown to negatively regulate cell
death. bak1-null mutants show enhanced cell death after
infection with bacterial and fungal pathogens [14], and in
double mutants of BAK1 and its closest homolog BKK1, this
cell death is severely enhanced leading to seedling lethality
[7]. The BAK1-interacting receptor kinase BIR1 exhibits similar
cell-death phenotypes which have been shown to be partially
dependent on a salicylate (SA)-dependent resistance (R)-pro-
tein pathway and on a second pathway containing suppressor
of bir1, another LRR-RLK that interacts with receptor-like pro-
teins involved in plant immunity that are lacking a cytoplasmic
kinase domain [15, 16].
During innate immunity, activation of phosphorylation-
dependent signaling cascades by biotrophic pathogens
results in the induction of immune responses, including the
production of reactive oxygen species and SA; expression of
defense genes, such as pathogenesis-related (PR) genes; pro-
duction of antimicrobial compounds; and hypersensitive cell
death [2, 17]. These responses are usually accompanied by
an arrest of plant growth. In contrast, necrotrophic pathogens
are restricted by activating jasmonic acid signaling, resulting
in the activation of the plant defensin gene PDF1.2 [18, 19].
In defense pathways, BAK1 may interact with Botrytis-
induced kinase (BIK1), a receptor-like cytoplasmic kinase
[20, 21], and BONZAI (BON1), a calcium-dependent phos-
pholipid-binding protein involved in plant growth homeo-
stasis and disease resistance [22]. Despite the number of
interactors identified so far, little is known about how PRRs
are recruited to complexes, whether preformed complexes
exist, and how specificity is maintained between different
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Figure 1. BAK1 Interacts with BIR2 In Vitro and
In Vivo
(A) Coimmunoprecipitation of BAK1-FLAG
with BIR2-YFP transiently expressed in
N. benthamiana leaves. Total proteins (input)
were subjected to immunoprecipitation (IP)
with anti-YFP antibodies followed by immuno-
blot analysis with anti-FLAG antibodies to
detect BAK1 and anti-YFP antibodies to detect
BIR2.
(B) Yeast two-hybrid assays with the kinase
domains of BAK1 and BIR2 were performed.
Three consecutive dilutions on selection medium
lacking the amino acids HLW and adenine are
shown; growth on medium lacking LW assures
proper growth of transformed yeast.
(C) Bimolecular fluorescence complementation
analyses were done with BAK1 fused to the
N terminus of YFP and BIR2 fused to the C termi-
nus of YFP in N. benthamiana. As controls, BAK1
and BIR2 constructs were expressed in com-
bination with the respective YFP parts alone.
Fluorescence was visualized by epifluorescence
microscopy.
(D) FRET imaged by FLIM in Arabidopsis protoplasts transiently expressing BAK1-CFP or BIR2-YFP for 16 hr. Mean fluorescence lifetime values (t) in
nanoseconds 6 SE and lifetime distribution are presented as pseudocolor images according to the scale.
See also Figures S1–S3 and S11, Table S1, and Document S2.
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135signaling pathways. In particular, it remains unknown how
PRR activation is controlled in the absence of microbial
infection.
To screen for BAK1-interacting proteins involved in plant
defense and cell-death control, we purified in vivo BAK1 com-
plexes by coimmunoprecipitation. Here, we describe the iden-
tification and characterization of BIR2, a novel LRR-RLK that
constitutively interacts with BAK1 and differentially influences
BAK1-regulated defense signaling pathways. Through a novel
mechanism affecting BAK1 receptor complex formation, BIR2
negatively regulates plant innate immunity.
Results
Identification of BAK1-Interacting Proteins
BAK1 was immunoprecipitated from Arabidopsis plants over-
expressing BAK1-GFP. Proteins were extracted after infection
with the necrotrophic ascomycete Alternaria (A.) brassicicola
or mock treatment. Total immunoprecipitated proteins were
trypsin-digested and analyzed by tandem liquid chromatog-
raphy/electron spray ionization-tandem mass spectrometry
(LC/ESI-MS/MS). Results obtained after MS identification of
immunoprecipitated peptides are shown in Document S2
available online. Two closely related LRR-RLKs were detected
in BAK1 immunoprecipitates that we named BAK1-interacting
receptor-like kinase BIR2 and BIR3. Both proteins interact
constitutively with BAK1 independent of the A. brassicicola
infection (Document S2). A related subfamily member, BIR1,
was described previously as an interactor of BAK1 [15] but
was not detected in our BAK1 immunoprecipitates. As a proof
of the quality of the approach, we identified additional proteins
known to interact with BAK1 or BAK1-interacting receptors
(Document S2).
Characteristics of the BIR Family: Expression,
Localization, Homologies, and Structure
BIR proteins are predicted to contain a signal peptide, five
LRRs, a transmembrane domain, and a cytoplasmic kinase
domain and are therefore very similar in structure to BAK1(Figures S1A and S1B). BIR2 and BIR3 form the LRR subgroup
Xa along with BIR1 [15] and the close relative of BIR3,
At1g69990, which we named BIR4 (Figure S1C). Microarray
data show that BIR2 mRNA levels increase after infection
with nonpathogenic bacteria or pathogen-associated molecu-
lar patterns (PAMP) treatment and are thus reminiscent of the
expression pattern of the BAK1 gene [14]. Like BAK1, BIR2
localizes to the plasma membrane in transiently transformed
Arabidopsis protoplasts and in stably transformed Arabidop-
sis plants (Figure S2).
Interaction of BAK1 with BIR Family Proteins
In directed coimmunoprecipitations of transiently expressed
proteins in Nicotiana benthamiana, all four BIR family mem-
bers show an association with BAK1 (Figures 1A and S3A). In
yeast two-hybrid assays, the kinase domains of BIR2, BIR3,
and BIR4 interact with the BAK1 kinase domain, whereas the
kinase domain of BIR1 does not show interaction in this assay
(Figures 1B and S3B). Fluorescence resonance energy transfer
(FRET)-fluorescence lifetime imaging (FLIM) measurements
revealed that BIR proteins are in the close vicinity of BAK1 in
cotransformed Arabidopsis protoplasts with FRET efficiencies
varying from 5.7% for BIR1, 13.8% for BIR2, 15.4% for BIR3,
and 10.9% for BIR4 (Figures 1C and S3C). Bimolecular fluores-
cence complementation with split yellow fluorescent protein
(YFP) tags fused to BAK1 and the BIR2 protein confirmed the
in vivo interaction (Figure 1D). Thus, four independent assays
confirmed interaction of BIR2 and BAK1.
BIR2 Is an Atypical Kinase but a Substrate of BAK1
In BIR2, several residues that are described to be essential for
kinase activity are not conserved [23], including the glycine-
rich loop and the RD and DFG motifs (Figure S4), suggesting
that BIR2 is an atypical kinase. In in vitro kinase assays, strong
autophosphorylation of the recombinantly expressed BAK1
kinase domain (KD) was detected, whereas BIR2 autophos-
phorylation activity was undetectable (Figure 2A). Incubation
of BAK1 togetherwith BIR2 resulted in a newly phosphorylated
band corresponding to the BIR2 protein (Figure 2A), indicating
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Figure 2. BIR2 Is a Substrate of BAK1 and BIR2-
BAK1 Interaction Is Kinase-Activity-Dependent
(A) In vitro kinase assay with recombinantly ex-
pressed kinase domains of BAK1 wild-type (WT)
or kinase-dead (kd) mutant K317E fused to His6
and BIR2 fused to GST (ev, empty vector control).
The upper panel shows the autoradiogram, the
lower Coomassie stained gel showing expressed
proteins marked with asterisks.
(B) Yeast two-hybrid assays with kinase domains
of BIR2 and BAK1 wild-type or with the indicated
mutations. Growth on selection medium indi-
cating interaction is shown in four consecutive
dilutions. Mutants with no detectable kinase
activity according to [12] are indicated by an
asterisk.
(C) A. thaliana seedlings of the indicated geno-
types were treated for 5 min with 1 mM flg22 (+)
or H20 (2). Immunoprecipitation (IP) was per-
formed with anti (a)-BAK1 antibody. Coimmuno-
precipitated BIR2 was detected with anti-BIR2
antibody (WB: a-BIR2) and precipitation of
BAK1 detected with anti-BAK1 antibody (western
blot [WB]: a-BAK1). Western blot analysis with
anti-BIR2 and -BAK1 antibodies of protein ex-
tracts before IP show protein input. Coomassie
brilliant blue (CBB) staining of the membrane
shows protein loading. Representative results of
three independent experiments are shown.
See also Figures S4 and S11 and Table S1.
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136that BIR2 is a substrate of BAK1. This phosphorylation pro-
cess is unidirectional as incubation of BIR2 protein with a
kinase-dead version of BAK1 (K317E) did not result in phos-
phorylation of either protein. This suggests that BIR2 exerts
its function independently of its kinase activity but rather
serves as a substrate for BAK1 kinase activity.
Interaction of BIR2 and BAK1 Is Dependent on BAK1
Kinase Activity
In a yeast two-hybrid analysis using BAK1 mutants affecting
either kinase activity or phosphorylated residues [12], out
of 14 different BAK1 mutant variants tested, only two did
not interact with the BIR2 kinase domain—K317E and
T455A. Interestingly, these two residues are the only ones
in this mutant collection required for kinase activity of
BAK1 [12] (Figure 2B). Furthermore, interaction of BIR2 with
the hypoactive BAK1-5 mutant protein [11] is strongly
reduced, indicating that kinase activity is also essential for
proper interaction in vivo (Figure 2C). These data suggest
that kinase activity of BAK1 is necessary for the interaction
with BIR2.
BIR2 Regulates PAMP-Induced Responses, but Not BR
Responses
Two transfer-DNA (T-DNA) insertion lines within the 50
upstream region of BIR2 were obtained from the GABI-
KAT (bir2-1; GK-793F12) and Wisconsin b-Pool collections
(bir2-2; Figure S5A). As the bir2-1 allele still expresses re-
sidual BIR2 protein, we generated two independent artificialmicroRNA (amiRNA) lines in the Col-0
background, which show strongly
reduced transcript and protein levels
(Figures S5B and S5E). BIR1 and BIR3
were not significantly affected by the
amiRNA (Figures S5C and S5D). AsBAK1 has been implicated in brassinosteroid (BR), PAMP,
and cell-death control pathways, all bir2 knockdown lines
were tested for these responses. Seedling growth inhibition
upon treatment with elf18 (Figures 3A and S6A) or flg22 (Fig-
ure S6F) was strongly enhanced in all tested alleles. Early re-
sponses, such as reactive oxygen species (ROS) production
and mitogen-activated protein kinase activation were also
enhanced, as was FRK1 expression, a marker gene for
PAMP-triggered immunity (PTI), and the callose deposition
that typically accompanies PAMP responses (Figures 3B–3D,
S6B–S6E, and S6G). These results strongly suggest that
BIR2 is a negative regulator of PAMP-triggered responses.
We tested bir2 mutant alleles for resistance to bacterial
pathogens and detected increased resistance to the virulent
bacterium Pseudomonas syringae pv. tomato DC3000 (Pto
DC3000) with up to 60-fold less growth as compared to the
respective wild-type plants (Figures 4A and S7). All observed
phenotypes could be fully complemented by the expression
of the BIR2 gene under its native promoter (Figure S8). These
data show that BIR2 has a negative regulatory role in immunity.
In addition, bir2 mutants contain elevated levels of SA (Fig-
ure 4B), which are known to contribute to resistance [24].
The expression of the SA-responsive gene PR1 is enhanced
in bir2 mutants, indicating hyperactivation of SA pathways
(Figure 4C).
For the BR pathway, BIR2 seems to be less critical than
BAK1, as brassinolide (BL; a specific BR)-triggered responses
were not significantly affected in all mutant lines tested
(Figure S9).
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Figure 3. BIR2 Negatively Regulates PAMP Responses
(A) Seedling growth inhibition triggered by elf18 in Col-0, bir2-1, and two amiRNA-BIR2 lines. Growth is presented relative to the mock-treated wild-type.
Results are average 6 SE (n = 6).
(B) FRK1 gene expression in Col-0, bir2-1, and amiRNA-BIR2 lines after elf18 treatment was measured by qRT-PCR analysis, normalized to EF1a expres-
sion, and plotted relative to expression in untreated Col-0. Results are means 6 SE (n = 3).
(C) ROS production represented as relative light units (RLU) in Col-0, bak1-4, bir2-1, and two amiRNA-BIR2 lines on leaf discs after elicitation with 100 nM
elf18. Results are mean 6 SE (n = 9).
(D) Callose deposition visualized by aniline blue staining in 5-week-old leaves of Col-0, bak1-4, bir2-1, and two amiRNA-BIR2 lines infiltrated with 100 nM
elf18 or mock treated. Representative pictures from six biological replicates are presented. The scale bar represents 0.2 mm. Quantification of mean inten-
sities of stained tissue are given as means 6 SE as inserts in the pictures.
Asterisks indicate significant differences compared to wild-type samples (*p < 0.05; ***p < 0.001; A, two-way ANOVA with no correlation between treatment
and genotype effects; B–D, Student’s t test). All experiments were repeated at least three times with similar results. See also Figures S5, S6, and S8–S11 and
Table S1.
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137bir2 Mutants Are More Susceptible to Necrotrophic Fungal
Infection and Show Enhanced Cell-Death Responses
In bak1 mutants, A. brassicicola infection causes spreading
cell death that remains restricted to the infection sites in
wild-type plants [14]. Symptoms of bir2 mutants after
A. brassicicola infection scored significantly higher than those
observed in the respective wild-type plants (Figures 5A, 5B,
S7B, and S7C). Trypan blue staining revealed that fungal
growth was enhanced in the mutants, and cell death spread
to uninfected areas in bir2 mutants, comparable to the
observations in bak1 mutants (Figure 5C). Most observed
phenotypes correlate with the expression levels in bir2
amiRNA lines, although the promoter insertion line bir2-1
that expressesmore residual protein shows the strongest phe-
notypes in the pathogen assays. These results show that
balanced BIR2 expression has a positive impact on cell-death
containment and, as a consequence, a positive impact on
necrotrophic fungal resistance. Taken together, BIR2 differen-
tially affects BAK1-regulated processes with a negative
regulatory role in PAMP responses and a positive impact on
cell-death control.BIR2 Is Released from BAK1 after PAMP Treatment
To explore the molecular mechanism of the negative regu-
latory role of BIR2 on BAK1-dependent PTI responses, we
hypothesized that BIR2 may sequester BAK1 in an uninfected
state and release it once micro-organisms are perceived. To
test this, we immunoprecipitated BAK1 after flg22 treatment
and detected coimmunoprecipitated BIR2. Significantly less
BIR2 was bound to BAK1 in the presence of flg22 compared
to mock-treated controls (Figures 6A and 6B). Relative quan-
tification of immunoprecipitated BIR2 protein levels shows
that at least 1/3 of BIR2 is released from BAK1 within 5 min
after flg22 treatment, thereby increasing the pool of BAK1
available for binding to ligand-binding RLKs, such as FLS2.
Treatment with different PAMPs or BL (Figure 6C) leads to
a partial release of BIR2 from BAK1 for each treatment.
After addition of a PAMP cocktail plus BL, the release of
BIR2 from BAK1 was drastically enhanced (Figure 6E), indi-
cating that BAK1 and BIR2 exist in distinct subpools that
can be differentially addressed by different ligand-binding
receptors after stimulation. This finding supports the hy-
pothesis that BAK1 exists in preformed complexes with
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(A) Wild-type Col-0, bir2-1 mutant, and two amiRNA-BIR2 lines were infil-
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at the indicated time points. Results represent mean 6 SE (n = 8).
(B) Gas chromatography-MS quantification of SA content in 5-week-
old leaves of Col-0 and bir2-1 mutants 24 hr after infiltration with
108 cfu/ml Pto DC3000 or mock treatment. Results represent mean 6
SE (n = 6).
(C) PR1 transcripts measured by qRT-PCR in leaf material of 5-week-old
Col-0, bir2-1, and two independent amiRNA-BIR2 lines upon infiltration
with Pto DC3000 or mock treatment. Expression values were normalized
to EF1a and presented as a ratio to Col-0 mock-treated samples. Bars
represent mean ratios 6 SE (n = 3).
All experiments were repeated at least three times with similar results.
Asterisks represent significant differences from Col-0 (*p < 0.05, **p <
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See also Figures S5 and S7–S11 and Table S1.
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Figure 5. BIR2 Suppresses Fungal Infection-Induced Cell Death
Col-0, bir2-1, and two independent amiRNA-BIR2 lines were infected with
the necrotrophic fungus A. brassicicola.
(A) The disease index after 7 and 10 days is shown as mean (n = 10) of a
representative of three independent experiments 6 SE.
(B) Representative pictures of symptom development on infected leaves
after 10 days were taken.
(C) Trypan blue staining 7 days after inoculation shows necrotic tissue and
fungal mycelia, representative pictures are presented (n = 6). The scale bar
represents 0.2 mm.
See also Figures S5 and S7–S11 and Table S1.
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138ligand-binding receptors. In the inactive state, BAK1 appears
to be controlled by BIR2 until receptor stimulation leads to a
release of BIR2 and recruitment of BAK1 to ligand-binding
receptors.BIR2 Controls BAK1-FLS2 Complex Formation in a Ligand-
Dependent Manner
As BIR2 negatively influences PAMP responses, we deter-
mined whether BAK1 complex formation with known ligand-
binding receptors, such as FLS2, is affected by BIR2. We
immunoprecipitated BAK1 from bir2 knockdown plants
treated with or without flg22 and detected FLS2. Compared
to the level in wild-type plants, the amount of FLS2 coimmuno-
precipitated with BAK1 in bir2 knockdown plants was signifi-
cantly increased, indicating that BIR2 prevents binding of
BAK1 to FLS2 (Figures 7A and 7B). In the converse experiment,
expression of BIR2-YFP leads to reduced PAMP responses
(Figures S10A and S10B) and strongly reduced binding of
FLS2 to BAK1 (Figures 7A and 7B), showing that BIR2 has a
negative regulatory effect on the interaction of BAK1 with
FLS2. In bir2-deficient lines, the amount of FLS2 is slightly
increased in about 50% of the experiments, indicating that
stress factors increase the level of prestimulation in bir2
mutants leading to enhanced PAMP responses and as a sec-
ondary effect to enhanced levels of BIR1 (Figure S5C) and
FLS2 (Figures S10E and S10F). FLS2 levels are unchanged in
CA E
B FD
Figure 6. BIR2 Is Released from BAK1 in a flg22-
Dependent Manner
Arabidopsis seedlings of the indicated geno-
types were treated for 5 min with 1 mM flg22 (+)
or H20 (2). Immunoprecipitation (IP) was per-
formed with anti (a)-BAK1 antibody.
(A) Coimmunoprecipitated BIR2 was detected
with anti-BIR2 antibody (WB: a-BIR2) and precip-
itation of BAK1 detectedwith anti-BAK1 antibody
(WB: a-BAK1). Western blot analysis with anti-
BIR2 and -BAK1 antibodies of protein extracts
before IP show protein input. Coomassie brilliant
blue (CBB) staining of the membrane shows pro-
tein loading.
(B, D, and F) Signal intensity of coimmunoprecipi-
tated BIR2 was quantified using ImageJ software
relative to the precipitated BAK1 signal after
background subtraction from western blots
shown in (A), (C), and (E), respectively. Mock-
treated Col-0 was set to 1.
(C and E) Coimmunoprecipitation as described
in (A) with (C) Col-0 plants treated with 1 mM
flg22 or 1 mM pep1 for 5 min or 10 nM BL for
90 min and (E) a cocktail of all three ligands as
shown in (C).
See also Figures S5, S8, and S10–S12 and
Table S1.
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139BIR2-overexpressing plants (Figures S10E and S10F) which
show reduced complex formation and PAMP responses sug-
gesting that enhanced FLS2 levels in bir2 mutants are a sec-
ondary effect of enhanced PAMP responses downstream of
primary BIR2 function. The enhanced FLS2 levels are not a
consequence of enhanced SA levels resulting from increased
cell death, but rather a consequence of prestimulated PTI
signaling, as nahGbir2 double mutants do not show any differ-
ence in FLS2 expression as compared to bir2 single mutants.
Taken together, our data show that BIR2 has a negative reg-
ulatory role on PTI by affecting formation of complexes that
include the pattern recognition receptor FLS2 and its corecep-
tor BAK1.
Discussion
BAK1 is a general regulator of several signaling pathways,
namely BR-mediated growth responses, plant immunity, and
cell-death control. BAK1 interacts with ligand-binding LRR-
RLKs, such as BRI1, FLS2, EFR, and PEPR1/PEPR2 (and
more that are likely to be identified in the future), thereby allow-
ing full signaling capacity of ligand-binding receptors and acti-
vation of downstream responses. Here, we demonstrated a
novel mechanism of negative regulation at the receptor level
by constitutive interaction of BAK1with BIR2, preventing inter-
action of BAK1 with ligand-binding receptors.
In coimmunoprecipitation experiments of in vivo BAK1 com-
plexes, we found two previously uncharacterized LRR-RLKs,
BIR2 and BIR3, as strong and constitutive BAK1-interacting
proteins showing association at the plasma membrane. We
could not detect the previously published BAK1-interacting
RLKBIR1 [15], which belongs to the same small LRR-RLK sub-
family. BIR1 may be missing from our data set because of its
weaker interaction compared to BIR2 and BIR3, as shown in
in vivo and yeast two-hybrid assays. Evolutionarily, BIR1 falls
into a different clade than its three other family members(Figure S11) [15] that were created by two recent duplication
events (http://chibba.agtec.uga.edu/duplication). BIR2 and
BIR3 were also identified as interactors of SERK1 in a pro-
teomics approach [25]. BIR2 interacts constitutively with
BAK1, in contrast to other BAK1-RLK interactions that require
ligand binding to the receptor to stably recruit BAK1 [9, 10, 12,
26, 27] indicating a different molecular mechanism for these
interactions. Kinase domains appear to be sufficient for
protein-protein interaction of BAK1 and BIR2, BIR3, and
BIR4, as exemplified in our data from yeast two-hybrid assays.
It remains to be elucidated whether extracellular domains are
also involved in BIR-BAK1 interaction, as shown for BRI1
and FLS2 interaction with BAK1 [28, 29].
In contrast to BIR1 [15], in vitro kinase assays using the
recombinant BIR2 kinase domain did not reveal auto-
phosphorylation or transphosphorylation activity to BAK1.
Sequence analyses of conserved residues within the kinase
domain suggest that BIR2 is not an active kinase (Figure S4).
Complementation experiments with kinase-dead BIR1 mu-
tants partially complement growth defects of bir1 mutants,
indicating that kinase activity is needed for some aspects of
the bir1 mutant phenotypes [15]. This suggests that BIR1
acts at least partially via a different molecular mechanism
than BIR2, using its intrinsic enzymatic activity.
Approximately 20% of all Arabidopsis RLKs lack conserved
residues required for enzymatic activity [30]. The LRR-RLK
STRUBBELIG, for instance, is impaired in similar conserved
residues of its kinase domain as BIR2 (Figure S4) and does
not require kinase activity to control organ shape and plant
organization [31]. However, transphosphorylation assays re-
vealed that BIR2 is a substrate for BAK1 kinase activity.
Kinase-inactive versions of BAK1, such as K317E and T455A
mutants, do not interact with BIR2 in yeast two-hybrid assays,
and hypoactive BAK1-5 proteins show weaker interaction with
BIR2 in vivo, indicating that kinase activity of BAK1 is required
for interaction with BIR2. This is somewhat different for BAK1
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Figure 7. BIR2 Has a Negative Regulatory Effect on BAK1 FLS2 Complex
Formation
(A) Two-week-old A. thaliana seedlings of the indicated genotypes were
treated for 5 min with 1 mM flg22 (+) or H20 (2). Immunoprecipitation (IP)
was performed with anti (a)-BAK1 antibody. Western blot analyses show
coimmunoprecipitation of FLS2, detected with anti-FLS2 antibody (WB:
a-FLS2), and precipitation of BAK1 detected with anti-BAK1 antibody
(WB: a-BAK1). Western blot analysis with anti-FLS2 and -BAK1 antibodies
of protein extracts before IP show protein input. Coomassie brilliant blue
(CBB) staining of the membrane shows protein loading. Representative
results of at least three independent experiments are shown.
(B) Signal intensity of coimmunoprecipitated FLS2 was quantified using
ImageJ software relative to the precipitated BAK1 signal after background
subtraction. Mock-treated Col-0 was set to 1.
See also Figures S5, S8, and S10–S12 and Table S1.
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required for ligand-dependent in vivo interaction of these pro-
teins [12]. In the case of FLS2 or EFR, BAK1 kinase-inactive
mutants can still interact [10, 11], and the hypoactive BAK1-5
protein interacts even more strongly with the receptors
FLS2, EFR, and BRI1 [11], indicating phosphorylation-depen-
dent mechanistic differences in the formation of different
BAK1 complexes. Further studies on the phosphorylation
events between BAK1 and BIR2 are needed to reveal the
impact of phosphorylation on these RLKs.
Functional analysis of BIR2 knockout or knockdown plants
implicated BAK1-related pathways controlling BR-mediated
growth, PTI, and cell-death control. BIR2 knockdown lines
show no differences during etiolation, brassinazole treatment,
and in BL-hypocotyl growth-induction assays, indicating that
loss of BIR2 does not affect BR signaling. This might be due
to redundancy of BIR2 with its family members but mightalso be a consequence of the lower requirement of BAK1 for
BRI1 interaction as compared to FLS2 [32] or specific integra-
tion of BIR2 into preformed receptor complexes that do not
include BRI1. BIR2 interacts less strongly with the hypoactive
mutant BAK1-5. The bak1-5 mutation differentiates between
the different pathways and is also not impaired in BR re-
sponses whereas PAMP responses are strongly reduced, indi-
cating that BAK1 is less required for BRI1-mediated signaling
[32] or that different pathways are differentially sensitive to
kinase activity changes [11]. However, in contrast to null
bak1 mutants that display reduced PAMP responses [26, 27]
but enhanced cell death [7, 14], BIR2 has an antagonistic effect
on PAMP responses but the same impact on A. brassicicola-
induced cell death. This indicates that these pathways are
independently regulated and that BIR2 differentially regulates
BAK1-dependent signaling pathways.
Cell death is activated in both bir2 and bak1 mutants. Cell-
death phenotypes were also described for bir1 mutations,
and based upon genetic suppression analyses, the authors
proposed that BIR1 is guarded by at least two R-protein path-
ways leading to an SA-dependent autoimmune cell death
when loss of BIR1 is sensed [15]. A guarding model might
also be true for BIR2 during which the integrity of BAK1 com-
plexes might be sensed, and in the absence of either BAK1 or
BIR2, a yet unknown guarding system of the complex is
alerted, thereby activating cell death. Cell death in bir2
mutants is SA-dependent as shown for bir1 mutants. BIR1-
mediated cell death might include suppressor of npr1-1,
constitutive (SNC1) signaling [22]. However, we observed
pathogen-induced cell-death responses in bak1-1 [5] and
bir2-2 Ws alleles. Yet, this ecotype does not contain a func-
tional SNC1 allele, indicating that there must be at least one
additional cell-death pathway that is activated upon distur-
bance of BAK1 complexes. However, enhanced PAMP-
induced ROS burst is only partially affected in mutants
expressing nahG (Figures S10C and S10D). This shows that
SA-independent PAMP responses are enhanced in bir2
mutants and that PAMP and cell-death responses can be
differentiated. Plants highly overexpressing BAK1 constitu-
tively activate cell-death responses. Cell death can be blocked
when BRI1 is simultaneously overexpressed. This indicates
that a balanced ratio of BAK1 to interacting complex partners
is critical for preventing inappropriate activation of BAK1-
dependent pathways [33]. Further analysis of cell death in
RLK mutants, which share effects similar to autoimmune re-
sponses [22] and hybrid incompatibility [34, 35], will shed
more light on this phenomenon.
However, the cell-death reactions do not explain the
enhanced PAMP responses in bir2 mutants. How BIR2 func-
tions in PTI signaling is an open question. Because of its
small extracellular domain and its constitutive interaction
with BAK1, we hypothesized that BIR2 negatively regulates
BAK1 function. In rice, the adenosine triphosphatase XB24
acts as a negative regulator by binding to the LRR-RLK
XA21. Upon ligand binding, XB24 is released and derepres-
sion of XA21 results in the activation of defense responses
[36]. Similarly, BRI1 is kept in an inactive state by interaction
with BRI1 kinase inhibitor (BKI1). Upon ligand binding, BKI1
is phosphorylated, released from the plasma membrane,
and allows BRI1 recruitment of BAK1 resulting in the activa-
tion of BR signaling [37, 38]. In addition, BRI1 contains an
autoinhibitory C-terminal tail, which is released after ligand
binding and transphosphorylation by BAK1 [39]. Therefore,
multiple mechanisms function to tightly regulate receptor
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141complex formation and prevent unwanted induction of down-
stream signaling.
If this model is true for BIR2 also, BIR2 should be released
from the BAK1 complex after ligand perception to allow BAK1
to interact with ligand-binding receptors. BIR2 binding
to BAK1 was significantly reduced after flg22 treatment,
showing that BIR2 is indeed released from the complex in a
ligand-dependent manner. This effect is enhanced after treat-
ment with multiple ligands, showing that BAK1 exists in
target-specific subpools, supporting the idea that BAK1 re-
sides in the membrane in preformed complexes with BIR2
and its ligand-binding receptor partners as suggested by
[40]. We could not detect direct interaction of BIR2 with
FLS2 (Figure S12B). This shows that BAK1 is likely released
from BIR2 prior to binding to FLS2 after activation. BAK1
binding to FLS2 is significantly reduced in BIR2-overexpress-
ing plants and oppositely enhanced in bir2 knockdown plants
indicating that BIR2 has a direct regulatory effect on BAK1-
receptor complex formation. In contrast to the fact that the
cellular pool of BAK1 is not rate-limiting between different
signaling pathways [32], regulatory BIR2 competes with
FLS2 for BAK1, thereby negatively regulating FLS2-mediated
signaling. It remains to be tested whether inhibition of com-
plex formation is the only effect of BIR2 on BAK1-dependent
responses. Genetic interaction studies confirmed that BAK1
is epistatic to BIR2 (Figure S12A), and therefore upstream
of BAK1 action and receptor activation, excluding direct
effects of BIR2 on PAMP-triggered signaling downstream
of BAK1.
Mechanistically, BIR2 might exist in preformed complexes
together with FLS2 and BAK1. Upon ligand binding to FLS2,
the affinity of BAK1 for FLS2 may increase. This is supported
by BAK1 functioning as a true coreceptor binding receptor-
bound ligands [29, 41]. The affinity of BAK1 for the receptor-
ligand complex might be higher than for the receptor alone
allowing the recruitment of BAK1 from BIR2 to the FLS2 com-
plex. This mechanism is also supported by mutated BAK1-5
protein where lower affinity for BIR2 correlates with higher
affinity to ligand-binding receptors even in the absence of
the ligand [11]. This interaction might be phosphorylation-
dependent as BAK1-5 has reduced enzymatic activity. A spe-
cific phosphorylation-dependent mechanism, as shown for
BKI1 release from BRI1, is also conceivable, though BAK1
phosphorylation activity in general seems to be necessary
for the interaction with BIR2.
Conclusions
We show that BIR2 is a novel type of LRR-RLK that interacts
with BAK1 in a kinase-activity-dependent manner and nega-
tively controls complex formation of BAK1 with specific
ligand-binding receptors—a novel regulatory mechanism for
RLKs. Cell-death reactions are independent of direct effects
of BIR2 on BAK1 complex formation and likely the result of a
guardingmechanism. In the absence of PAMPs, BIR2 interacts
with BAK1, inhibits autoimmune cell-death responses, and
keeps BAK1 under control. Only upon ligand binding to
FLS2, BAK1 is released from BIR2 and recruited to the FLS2
complex to induce PAMP-triggered immune signaling.
Experimental Procedures
Plant Material and Growth Conditions
T-DNA insertionmutants used are bir2-1 (GK-793F12) and bir2-2 (Wisconsin
Arabidopsis Knockout Facility b-Pool; screened as described in [42] withprimers listed in Table S1). Plants were grown for 5 to 6 weeks on soil in
growth chambers (8 hr light, 16 hr dark; 22C; 110 mEm22 s21) or on one-
half MS medium.
Infection Procedures
Pseudomonas syringae pv. tomato DC3000 infections were performed as
described by Mosher et al. [43]. Alternaria brassicicola infection assays
were carried out as described by Kemmerling et al. [14].
Histochemical Assays
Cell death and fungal myceliumwas stainedwith trypan blue as described in
[14]. Callose was visualized as described in [43].
Seedling Growth Assays
Seedling growth inhibition assays were performed as described in [43].
Oxidative Burst Measurements
Leaf discs were excised from adult plants and incubated in water overnight.
Waterwas replacedwith20mMluminolL-012and10mg/mlhorseradishperox-
idase, and leaf discs (n = 9) were treated with 100 nM flg22 or elf18 and
analyzed with the multiplate reader Centro LB 900 (Berthold Technologies).
Quantitative Real-Time PCR
Transcript levels were analyzed by quantitative RT-PCR (qRT-PCR) as
described in [43] with primers listed in Table S1.
Hormone Measurements
Salicylate and jasmonate contents were measured as described by Lenz
et al. [44]
Transient Expression in Nicotiana benthamiana
Agrobacterium tumefaciens GV3101 containing the respective constructs
were grown 36 hr at 28C in Luria broth medium supplemented with appro-
priate antibiotics. Cultures were pelleted and resuspended in 10 mMMgCl2
to optical density at 600 = 1.Agrobacteria carrying different constructswere
mixed 1:1 and infiltrated into 3-week-old N. benthamiana leaves. Samples
were harvested 2 to 3 days after inoculation.
Coimmunoprecipitations
Leaves were ground in liquid nitrogen, and 1 ml extraction buffer (25 mM
Tris-HCl [pH 7.5], 150 mM NaCl, Nonidet P40 1%) per g tissue powder was
added. Samples were centrifuged at 4C and 13,000 rpm for 10 min. After
33washingwith the extraction buffer, 15 ml protein A agarose beads (Roche)
were incubated 1 hr with the antibodies. Supernatants containing equal
amounts of protein were incubated for 4 hr at 4C with the beads. Beads
were washed three times with 50 mM Tris-HCl (pH 7.5), and 150 mM NaCl,
before adding 23 loading buffer and heating at 95C for 10 min.
SDS-PAGE and Immunoblotting
Proteins were separated, blotted, and incubated with antibodies as
described in [11] but with 8% SDS gels and the following antibody dilutions:
anti-GFP (Acris), 1:5,000; anti-FLAG (Sigma), 1:2,000; anti-c-myc (Sigma),
1:10,000; anti-BAK1, 1:2,000; anti-FLS2, 1:250; anti-BIR2, 1:4,000; anti-
guinea pig (Santa Cruz Biotechnology), 1:5,000; and antirabbit (Sigma),
1:50,000. Chemiluminescence was detected with the ECL western blotting
system (GE Healthcare) and Kodak XJ300 films.
FRET-FLIM Measurements
FLIM measurements were performed as described in [45, 46]. Details are
given in the Supplemental Experimental Procedures.
Yeast Two-Hybrid Assays
To screen for direct interactions, the Clontech matchmaker GAL4 system
was used according to the manufacturer’s instructions.
BIFC Assays
BIR family and BAK1 coding regions were transiently expressed in
N. benthamiana as fusions to the C- and N-terminal part of YFP. Fluores-
cence of YFP fusions was visualized by epifluorescence microscopy 16 hr
after infiltration.
Kinase Activity Assays
Kinase activity assays were performed as described by Schwessinger et al.
[11] but incubated for 1 hr at 37C without shaking.
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142Statistical Methods
Statistical significance between two groups has been checked by using
Student’s t test. One-way ANOVA was performed for multiple comparisons
combined with Tukey’s honest significant difference (HSD) test indicating
significant differences with different letters (p < 0.01). For multivariant
analysis, we applied a two-way ANOVA analysis to the original data. If
statistical differences within and between the two parameters were de-
tected and no correlation between the two parameters was calculated, we
applied Tukey’s HSD test. Asterisks represent significant differences (*p <
0.05; **p < 0.01; ***p < 0.001).
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, 12 figures, one table, and MS data and can be found with this article
online at http://dx.doi.org/10.1016/j.cub.2013.11.047.
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